I. INTRODUCTION
O NE OF today's challenges is the integration of ion-sensitive field-effect transistors (ISFETs) in chemical and biochemical microsystems for applications such as in-vivo analysis, micro total analysis systems ( TAS), lab-on-a-chip, or electronic tongues. These microsystems usually require the monolithic combination of ISFETs and MOSFETs on the same chip.
In previous works, the monolithic fabrication of ISFETs and MOSFETs has been achieved by specially dedicated processes or introducing extra steps and shortcuts to an existing process [1] - [6] . On the other hand, ISFETs fabricated in an unmodified CMOS process show large threshold voltages and use oxynitride as the pH-sensitive layer [7] . This paper presents new ISFETs in standard CMOS, which are compatible with standard CMOS processes and are fabricated by post-processing of a standard CMOS VLSI chip. The ISFETs studied can be readily integrated with CMOS electronics, and can be either n-channel or p-channel devices. Several designs and post-processes are studied, modeled, fabricated, and tested. Some of the processes presented lead to successful sensitive, linear, and low drift devices. The ISFETs presented provide several important advantages: 1) The ability to be integrated with the state-of-the-art CMOS electronics, as well as other CMOS compatible sensors for multi-modal applications; 2) unlike dedicated process ISFETs, the new sensors are subject to continuous technology upgrading; and 3) wide availability and low cost.
The basic structure that serves as the basis for the ISFET is fabricated in a standard CMOS chip through MOSIS [8] . An exposed aluminum layer is found at the top of the structure to allow the opening of the glass. Several post processes are performed on this structure in order to make it ion sensitive, including evaporation of aluminum oxide, tantalum oxide, platinum, titanium, and wet etching of aluminum.
The fabrication procedure leaves an intermediate gate placed between the gate oxide and the sensing layer. The intermediate gate is formed by one or more conducting layers that may form part of the standard CMOS process, like aluminum and polysilicon, or of the post-processing, like titanium and platinum. A new model is presented in this paper that describes the operation of ISFETs with an intermediate gate. The model considers leaky or conducting sensing layers that can be fabricated in a low temperature process and shows that the excellent isolating properties of the CMOS gate oxide are enough to guarantee the potentiometric operation and the pH sensitivity of the ISFET.
This study shows that the main difficulty in fabricating the ISFET by direct evaporation of the sensing layer on the basic structure is the corrosion of the aluminum layer [9] . Devices fabricated in this way can be only used for low-resolution applications. The following solutions for the corrosion problem are studied and successfully implemented, which provide good quality devices showing high resolution: 1) protection of the aluminum layer from corrosion using a titanium-platinum doublemetal layer and 2) etching of the aluminum layer, using it as a sacrificial. Fig. 1 shows the cross section of the standard CMOS ISFET. The basic CMOS VLSI chip includes the basic structure of the ISFET before post-processing, which corresponds to Fig. 1 up to the aluminum layer. In addition, the CMOS chip includes the CMOS electronics and the bonding pads for external connection. This structure has been designed, fabricated, and tested at different runs with slight variations in the ORBIT 2 , the AMI 1.2 , and the AMI 1.6 (former 1.2 ) CMOS processes. All of them provide low noise and are tailored for analog circuits. The processes were accessed through MOSIS [8] .
II. FABRICATION AND EXPERIMENTAL SETUP
A large area polysilicon gate, of 250-m width and 50-m length, defines the channel of the transistor. An aluminum layer of the same size covers the gate. The aim of the metal layer is to act as an etch stop during the opening of the passivation glass providing the electrical contact to the device. A direct opening on the polysilicon layer should be preferred because it allows the aluminum-free design of the gate. Unfortunately, such an opening is not available in a standard process. The completion of the ISFET is performed by the addition, at the post-processing step, of one or more layers evaporated at low temperature, as well as etching the aluminum in some of the devices.
The pH sensitivity of the ISFET is measured connecting the device to a readout circuit that provides an output voltage directly related to the threshold voltage and the pH. The pH steps are produced exposing successively the device to buffer solutions with unit pH values.
A novel source-feedback circuit that allows simultaneous measurement of n-channel and p-channel transistors has been designed and successfully implemented. By allowing small changes in the drain-source voltage, this readout is simpler than other source-feedback readouts reported, like the source and drain follower [10] . The circuit is designed to bias all the ISFETs at saturation and at a constant drain current. The n-channel and p-channel circuits are shown in Fig. 2 . In both circuits the operational amplifier is configured as a transimpedance amplifier with a dc transfer characteristic , and the operational amplifier is negatively feedback through the ISFET. The capacitor is included for frequency compensation. The constant drain current determined by the feedback configuration is given by (1)
III. MODELING OF AN ISFET WITH AN INTERMEDIATE GATE
The standard CMOS ISFET includes an intermediate gate formed by one or more conducting layers, which may be introduced by the standard CMOS process, like aluminum and polysilicon, or by the post-processing, like titanium and platinum. Fig. 3 shows the layers considered in the model that correspond to a vertical cut along the sensing area shown in Fig. 1 . The model considers two insulators and an intermediate conducting gate. The first insulator is the thin gate oxide of the MOSFET, and the second insulator is the sensing layer of the ISFET.
Considering Gauss surfaces as indicated in Fig. 3 and the unit area charges in the interfaces, the following equations are written (from top to bottom): where is the intermediate gate charge, is the silicon surface states charge, is the silicon charge, is the charge adsorbed in the sensing layer, and is the solution charge. , , , and are the electric fields and dielectric constants in the insulators.
The application of a voltage to the reference electrode yields the voltage balance equation pH (5) where is the work function difference between the solution and the semiconductor, which includes the work function differences introduced by the intermediate gate.
is the constant potential drop between the reference electrode and the electrolyte, and is the silicon surface potential. and are the potential drops at the insulators.
The sensing is provided by the potential drop at the interface , which is derived from the site-binding model [11] - [14] pH (6) where is a dimensionless factor related to internal parameters of the interface by [13] , [14] 
where is the electrolyte-sensing layer differential capacitance that expresses the ability of the electrolyte to adjust the amount of adsorbed charge to changes in the interface potential.
is the intrinsic buffer capacity that expresses the ability of the sensing layer to adsorb protons in relationship with the proton concentration at the sensing interface. is the absolute temperature and is the Boltzman constant.
The voltage across the insulators is given by (8) where and are the thickness of the first and the second insulator (the gate oxide and the sensing layer), respectively. From (2)-(8)
where is the capacitance of the composite insulator given by (10) and , are the capacitance of each insulator separately.
At threshold, being the Fermi energy level at the bulk of the silicon. The semiconductor charge is approximated by the maximal depletion charge, (11) Equation (11) [15] .
In this case, the channel modulation at saturation is derived as in a regular MOSFET with the composite insulator replacing the gate oxide. Of particular interest is the drain current at saturation approximately provided by (12) where is the effective mobility of carriers in the channel, and are the channel width and channel length, and is the voltage applied between the reference electrode and the source.
An ideal insulating sensing layer cannot be obtained in a practical device. Considering a typical sensing layer capacitance value of F/cm , a leakage current density through the sensing layer lower than A/cm is required to obtain a drift lower than 1 mV/h. In memories, current densities of the required order of magnitude or lower are achieved at high temperature processes of the order of 1000 C. The use of high temperatures in the post-processing of standard CMOS is not available due to the presence of metal layers in the CMOS chip.
The new devices reported in this work use low-temperature evaporated sensing layers. These layers show leakage currents in the range of 10 -10 A/cm [16] . The potentiometric zero current operation is still guaranteed in this case by the high quality thermal oxide at the gate of the MOSFET. For a leaky sensing layer intermediate-gate ISFET, the steady-state condition is achieved when the sensing layer current is zero and equal to the gate oxide current. Hence, at steady-state, . Evaluating (2)- (8) (14) which is only function of and constant terms. Hence, threshold voltage changes are directly related to pH changes.
All electrolyte dependent terms are included in the threshold voltage. Consequently, the drain current at saturation is the same than in a MOSFET and is approximately expressed by (15) The steady-state condition is achieved controlling the thickness of the sensing layer to avoid large insulation. In any case, even at the lowest leakage current densities observed in low temperature evaporated layers, the transient is no longer than a few seconds.
In addition, the steady operation of the device is achieved with an appropriate design of the electronic readout. From (3) and (4) and considering that (16) Eq. (16) shows that once the steady-state is first achieved after the immersion of the ISFET and first stabilization at , the intermediate gate unit charge is only function of the silicon charge. In other words, the variations in the adsorbed charge introduced by pH changes are compensated by the solution charge without affecting the intermediate gate charge . The charge at the silicon is kept constant designing an electronic readout that biases the ISFET at constant channel current and at saturation. This condition can be achieved with a feedback circuit like the one shown in Section II. Hence, a constant current circuit guarantees that the only charging and discharging of the device occurs during the first immersion of the ISFET in the electrolyte. 
IV. RESULTS AND DISCUSSION
Using a minimum number of post-processing steps, n-channel and p-channel ISFETs have been fabricated by evaporating tantalum and aluminum-oxide sensing layers deposited on top of the polysilicon-aluminum intermediate gate. A linear and nearly nernstian response is observed in the 4-9-pH range, which is shown in Fig. 4 . A similar sensitivity is observed for n-channel and p-channel devices fabricated in the same process.
In addition, ISFETs with an aluminum sensing layer have been fabricated and tested. In these devices the standard aluminum layer is exposed to the electrolyte under test. No postprocessing is needed. The fabrication of aluminum-exposed devices is done by direct packaging of the bare silicon chip after regular bonding. Fig. 5 presents the sensitivity of a p-channel aluminum-exposed ISFET, which shows a pH-response similar to the one observed in aluminum-oxide ISFETs. This result is probable due to the fact that aluminum-oxide and aluminum-exposed ISFETs are governed by the same insulator-electrolyte interface. In the last case, the aluminum oxide participating in the interface is the native 50-Å oxide layer.
The main drawback of aluminum-based devices is their poor stability due to the corrosion of aluminum. Aluminum dissolves in acid solutions at trivalent ions Al and in basic solutions as aluminate ions AlO . In solutions with pH between 4-9, the native oxide film passivates the corrosion process [9] . These pH values limit the range of operation of aluminum based ISFETs.
At acid or alkaline solutions, corrosion of aluminum is characterized by the addition of a positive charge to the solution and the negative charging of the metal, as expressed by the following reactions:
where the first reaction corresponds to an acid solution and the second reaction to an alkaline solution. Due to this effect, large positive drifts ranging 20-30 mV/h ( 0.5-pH units/h) are observed in aluminum-exposed devices. In addition to instability, these devices are short-lived due to the dissolution of the aluminum. Fig. 6 shows the drift of an n-channel aluminum-based ISFET with a 1000-Å tantalum-oxide sensing layer. At pH 7, a positive drift of 3 mV/h is observed. The drift is positive as expected, and is much lower than the one observed at aluminum-exposed devices, indicating that the corrosion process is partially passivated. Drift values in the range of 1-5 mV/h are observed in aluminum-based tantalum oxide and aluminum oxide ISFETs.
Further evidence on the effects of aluminum dissolution on the response of the intermediate gate ISFET is presented in Fig. 7 . The measurement shows the behavior at alkaline pH of an n-channel ISFET with intermediate aluminum structure and tantalum oxide sensing layer. The electrolyte pH values are directly indicated on the graph. The initial voltage corresponds to a stable measurement at pH 8.95. When the pH is increased to 9.83, the corrosion process is triggered, the intermediate gate is negatively charged, and a large positive drift is observed. When the pH is reduced, the intermediate gate discharges and the voltage is stabilized, returning approximately to the initial value. After long exposition (several hours) to a buffer solution with pH 10, the drift in aluminum-based ISFETs is largely increased. This effect is probably due to the damage of the oxide passivation when underlying aluminum atoms dissolve in the electrolyte.
The previous results show that to obtain successful CMOS ISFETs, the aluminum layer must be protected from the corrosion process. In the preliminary steps of this study, the leading idea was to achieve this protection by increasing the density of the metal oxide used for the sensing layer. The main difficulties for the implementation of this kind of protection were the limits in the layer thickness and in the fabrication temperature imposed by the process. Some partial reduction of the corrosion process was observed using aluminum oxide annealed at low temperature in a high concentrated ozone atmosphere.
Successful standard CMOS ISFETs have been achieved evaporating a titanium-platinum double-metal layer on top of the aluminum layer. Platinum layers have been used in the past for ISFET gates [3] , [17] . The metallic layers present several advantages for the protection upon ion dissolution, like high density and low permeability [18] . In addition, metallic layers are conducting thus they do not reduce the channel modulation of the device at any thickness. A platinum layer has the additional advantage of being itself a pH indicator. Fig. 8 shows the pH sensitivity of ISFETs with titanium-platinum protection. Two different devices are shown. The fabrication of the first device has been finished at the evaporation of the platinum protection layer, which worked altogether as a conducting sensitive layer. In the second device, a thin tantalum-oxide layer of 1500 Å has been evaporated on top of the platinum layer, which works as the sensing layer. Good linearity, fast response, and good stability are observed in the 4-9-pH range. Drift values below 0.5 mV/h have been measured along 3-5 h of operation.
The tantalum-oxide ISFETs show the largest sensitivity, with values close to 50-mV/pH unit, while the sensitivity of platinum is lower and close to 40 mV/pH. A good correspondence is observed between n-channel and p-channel devices fabricated in the same process. The main difference between both types is the threshold voltage. A low threshold is obtained in n-type devices, allowing to achieve a 50-A operating condition at reference-source voltages as low as 1.2 V. On the other hand, p-type ISFETs show large threshold voltages requiring large reference-source voltage absolute values that increase package-induced leakage and drift [19] . Fig. 9 shows the stability of a tantalum-oxide device along 3 h of operation at pH 7. Very low drift is observed, of the order of 0.3 mV/h. The protection of aluminum presented in the previous section provides a good solution for stable devices operating in the 4-9-pH range. However, it is still desirable to further extend the pH range to the alkaline and acid regions. This condition can be only achieved by completely eliminating the aluminum layer from the ISFET gate structure.
In this work, the polysilicon layer has been exposed by etching the aluminum upper layers in a strong alkaline solution. The asset of using aluminum as the sacrificial layer is that the standard glass and insulators already present in the standard CMOS process provide a good masking for the aluminum used in the electronic connections. The only need is the protection of aluminum bonding pads during the etching, which is easily achieved with a low-resolution masking.
After the etching of the aluminum, a platinum layer is evaporated on top of the polysilicon. The addition of platinum reduces the roughness of the layer without affecting the stability of the device. Similarly to the aluminum protected ISFET, platinum has been used as the conducting sensing layer, or has been covered by a thin tantalum-oxide insulating sensing layer. Fig. 10 shows the pH sensitivity of two n-channel ISFETs with platinum evaporated on polysilicon, using tantalum oxide on platinum and platinum as sensing layers. In both devices, the response is highly linear, with a slope close to 50-mV/pH unit with the tantalum-oxide sensing layer, and close to 40-mV/pH unit for the platinum sensing layer. The slope and linearity resemble the values obtained in the case of the platinum protected ISFETs with the additional advantage of the extension in the pH range.
Polysilicon-platinum ISFETs show medium stability, with values changing in the range of 2-3 mV/h. The behavior of an n-channel tantalum-oxide device is shown in Fig. 11 . The changes observed appear as a lack of stability rather than a directional drift. The fluctuations shown in Fig. 11 are probably originated in the poor adhesion between polysilicon and platinum. In more modern standard CMOS processes, a thin tungsten silicide layer covers the polysilicon layer to improve its conductivity. A better adhesion and an improvement on stability can be expected in ISFETs in standard CMOS that are fabricated on a process with this characteristic.
V. CONCLUSION
The new standard CMOS ISFETs are fabricated by post-processing of a standard CMOS chip and are fully compatible with the leading CMOS electronics. These sensors are well suited for integration in microsystems taking advantage of the monolithic integration of ISFET and MOSFETs and the high performance of the standard CMOS process. ISFET devices based on titanium-platinum protection and aluminum etching show successful results.
The ISFETs operate at a potentiometric (zero current) condition, granted by the basic MOS structure. The combination of the highly isolating gate oxide of the MOS with a leaky or conducting sensing layer allows the use of low-temperature materials that do not damage the CMOS chip. Good sensing layers are obtained by low-temperature evaporation of tantalum oxide, aluminum oxide, and platinum.
The main source of instability is the corrosion of the aluminum layer found on top of the ISFET structure before postprocessing. This layer is required in the standard CMOS process for the opening of the glass. This problem is solved by adding an inert platinum protection or by etching the aluminum layer. The better resolution is obtained in devices fabricated by evaporation of the oxide sensing layer on platinum or using platinum directly exposed to the solution. Small instabilities are still observed in aluminum-etched devices due to the poor adhesion between polysilicon and platinum. An improvement in this ISFET is expected in modern processes where the polysilicon is covered by a silicide.
Highly linear devices are obtained with slopes in the range of 50-mV/pH unit (tantalum oxide and aluminum oxide) and 40 mV/pH unit (platinum). Drift as low as 0.3 mV/h is observed in platinum protected ISFETs, while aluminum-etched devices show instabilities of the order of 2 mV.
